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Objective: To evaluate whether resting joint angle is indicative of severity of spasticity of
the elbow flexors in chronic stroke survivors.
Methods: Seventeen hemiparetic stroke subjects (male: n=13; female: n=4; age:
37–89 years; 11 right and 6 left hemiplegia; averaged 54.8months after stroke, ranging
12–107months) participated in the study. The number of subjects with modified Ashworth
scale score (MAS)=0, 1, 1+, 2, and 3 was 3, 3, 5, 3, and 3, respectively. In a single
experimental session, resting elbow joint angle, MAS, and Tardieu scale score (Tardieu
R1) were measured. A customized motorized stretching device was used to stretch elbow
flexors at 5, 50, and 100°/s, respectively. Biomechanical responses (peak reflex torque
and reflex stiffness) of elbow flexors were quantified. Correlation analyses between clinical
and biomechanical assessments were performed.
Results: Resting elbow joint angle showed a strong positive correlation with Tardieu R1
(r=0.77, p<0.01) and a very strong negative correlation with MAS (r= 0.89, p<0.01).
The resting angle also had strong correlations with biomechanical measures (r= 0.63
to  0.76, p<0.01).
Conclusion: Our study provides experimental evidence for anecdotal observation that
the resting elbow joint angle correlates with severity of spasticity in chronic stroke. Resting
angle observation for spasticity assessment can and will be an easy, yet a valid way of
spasticity estimation in clinical settings, particularly for small muscles or muscles which
are not easily measurable by common clinical methods.
Keywords: stroke, spasticity, resting angle, MAS, Tardieu
Introduction
Post-stroke spasticity is one of the most physically debilitating conditions that interfere with
functional improvement (1, 2). Prevalence estimates of spasticity are highly variable, ranging from
20 to 46% (3–6). Spasticity significantly affects their quality of life, thus causing a significant burden
for survivors and caregivers (2, 7).
Spasticity, commonly defined as “a motor disorder characterized by a velocity-dependent
increase in tonic stretch reflexes (‘muscle tone’) with exaggerated tendon jerks, resulting from
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hyperexcitability of the stretch reflex, as one component of the
upper motor neuron syndrome” (8). It can be easily recognized,
but difficult to objectively quantify because of its multifactorial
nature (1, 9). Measuring spasticity using reliable and valid tools
is important for treatment planning rationale and also to evaluate
treatment efficacy (10–13).
Clinical scales including the Ashworth (14, 15) and Modified
Ashworth (MAS) (16) are commonly used for assessment of spas-
ticity. But these scales do not capture other symptoms and signs of
the uppermotor neuron syndrome, such as co-contraction during
movements or spasms (12, 17). The Tardieu Scale is considered
as a more appropriate clinical measure of spasticity as it involves
assessment of resistance to passive movement at both slow and
fast speeds (18, 19). Even though reliability and validity of these
clinical scales have been studied inmany research studies, it is still
controversial (16, 17, 20, 21). Laboratory tests, such as motorized
stretching (22–25) and electrophysiological measurements, have
higher accuracy but they are time consuming, expensive, and can-
not be easily implemented in clinical environment (26–28). These
approaches require specialized motor-driven mechanical systems
that are not only space-prohibitive in a rehabilitation clinic, but
require significant training and ongoing technical maintenance.
Although these studies have given insight into neurophysiological
aspects of spasticity, these techniques are unlikely to be widely
adopted by clinics for routine use. Also except for commonly
studied joints (elbow, wrist, knee, and ankle), it is difficult to apply
these methods to spastic muscles in the neck and trunk areas,
as well as those crossing the joint and changing their direction,
e.g., posterior tibialis muscle. Hence, there is a clear need to
explore alternative ways to incorporate assessment of spasticity
into clinical practice.
It is a common clinical observation that altered resting posture
of the trunk and joint correlates with spasticity of the respective
muscles. Accordingly, the objective of this study was to evaluate
whether resting joint angle is indicative of severity of spasticity of
the elbow flexors in chronic stroke survivors by correlating resting
joint angle with other frequently used clinical (MAS, Tardieu) and
biomechanical methods for assessment of spasticity.
Materials and Methods
Subjects
Seventeen hemiparetic stroke subjects (age: 37–89 years; 11 right
and 6 left hemiplegia; averaged 54.8months after stroke, rang-
ing 12–107months) participated in the study. Table 1 displays
characteristics of the subjects. Inclusion criteria were: (1) hemi-
plegia secondary to a single ischemic or hemorrhage stroke; (2)
at least 6months post-stroke; (3) elbow flexor spasticity of the
impaired side less than 4 (rated by MAS); (4) able to understand
and follow instructions related to the experiment; and (5) able to
give informed written consent. The exclusion criteria were: (1) a
history of multiple strokes or bilateral involvement; (2) presence
of contracture that would limit full elbow range of motion on
the impaired side. The number of subjects with MAS= 0, 1,
1+, 2, and 3 was 3, 3, 5, 3, and 3, respectively. The experiment
was approved by the UTHealth Committee for the Protection of
Human Subjects. All subjects gave written informed consent prior
to participation.
Procedure
The study had two sets ofmeasurements, including clinical assess-
ment and biomechanical measurements. The following clinical
assessments were performed on each subject: (1) passive range
of motion; (2) active range of motion; (3) MAS: resistance to
passive elbow flexion was assessed by stretching the muscle at a
moderate speed and scoring the resistance usingMAS; (4) Tardieu
scale (Tardieu R1): angle measured at a fast speed when the
muscle reaction was first felt (if there was no muscle reaction,
Tardieu angle was considered as 180°); and (5) resting angle (R):
to evaluate gravity effect. The fully extended position of the elbow
was defined as 180°. For clinical measurements, subjects were
explicitly instructed to stand and relax the affected arm asmuch as
TABLE 1 | Characteristics of stroke subjects (F: female, M: male, angle in degrees, fully extended position of the elbow was considered as 180°, age in
years, post stroke months, ROM: range of motion).
ID Arm Age Sex Weight (lb) Post stroke Elbow MAS Resting angle Passive ROM Active ROM Tardieu angle R1
1 Right 57 F 187 65 1+ 142 40–180 56–180 112
2 Right 67 M 272 30 1+ 150 65–169 82–151 118
3 Left 68 M 176 50 0 168 52–180 Full 180
4 Left 59 F 130 16 1 166 55–180 60–180 160
5 Right 75 M 195 93 1 170 48–180 Full 135
6 Right 50 M 180 26 0 175 70–180 Full 180
7 Left 89 M 226 71 1+ 150 60–180 90–170 130
8 Right 62 M 200 93 0 168 50–180 50–170 180
9 Left 70 M 186 74 1+ 132 60–152 None 122
10 Right 37 M 205 29 3 110 60–142 None 98
11 Right 65 M 135 97 3 120 84–154 None 100
12 Left 54 M 185 49 3 120 30–170 None 100
13 Right 54 M 230 41 2 136 42–170 None 120
14 Right 52 M 182 13 2 138 52–280 None 122
15 Right 76 M 214 12 1 160 55–170 55–160 110
16 Left 49 F 115 67 2 150 54–180 70–141 95
17 Right 50 F 144 107 1+ 125 56–180 Full 110
Bold numbers reflect patients with same MAS, resting, and/or Tardieu R1 angle. This makes less data points in Figure 4 than the actual number of cases.
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they could. Themeasurementswere taken after theywere standing
upright still for at least 1min. Subjects were allowed to take
support of a person/chair/walker/cane with the unaffected arm.
Biomechanically, responses to constant velocity stretch of elbow
flexors were measured. We adopted our previous experimental
setup (29). The subjects were seated on a height adjustable chair.
The arm to be tested was secured firmly on a customized appa-
ratus with a servomotor. The shoulder was positioned at 45° of
abduction and 30° of flexion. The center of the elbow joint was
aligned with the axis of rotation of the servo motor. The forearm
was firmly secured using four vertical plates at the proximal
and distal forearm (Figure 1). The subjects were instructed to
naturally relax the wrist, hand, and fingers without additional
support during external stretching. This arrangement prevented
translation and rotation of the arm. The other arm of the subject
rested alongside the body.
Experimental Protocol
Subjects completed a single session during which the elbow joint
of the impaired side was passively stretched at different velocities.
Only the affected side was tested. A total range of 60° stretch
was utilized with the end position (E) at 10° beyond the resting
angle (R) (E=R+ 10). The initial position (I) was I=E  60°.
For patients with resting angle close to or more than 170°, the
end position (E) was considered to be at 180° making the initial
position (I) of 120°. Goniometer was used to position arm at the
initial angle. The end joint angle was set at 180°, if the resting angle
was 170° or greater. The trial began with the elbow at the initial
position (I), and then a constant velocity extensionmovement was
imposed at the elbow until the elbow reached the predetermined
end position (E). The elbow was then held in the end position for
2 s and returned to the initial position at the same velocity. A rest
period of about 30 s was allowed between trials to allow adequate
recovery and to minimize the influence of stretch history on the
response to the subsequent stretch. Subjects were instructed to
relax during the trials, neither supporting nor opposing the joint
extension. Three velocities of 5, 50, and 100°/s were used with
three trials at each velocity.
Torque was measured with a torque sensor (Model TRS 500,
Transducers Techniques, CA, USA). An angular motion recorded
using encoder (HD FHA-25C-50-US250, Standard Incremen-
tal, 2500 pulses per revolution). All signals were digitized at
1000 samples/s on a PC computer with a data acquisition board
(National Instruments, Austin, TX, USA) using custom LabView
software (National Instruments). Data was saved for offline analy-
sis using a customizedMATLAB (TheMathWorks Inc.) program.
Data Analysis
Angle and torque signals were analyzed to determine biome-
chanical response of stretch in the spastic elbow flexors. The
torque signal was filtered using a 100-point moving window
median filter to remove outlier noise evident in the raw data.
FIGURE 1 | Experimental setting and representative torque–angle profiles at different speeds.
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Mean of initial 100ms data was subtracted from complete data
set to remove any DC bias. To avoid data variation as a result
of anthropometry spread between subjects, torque was normal-
ized by individual body weight. To characterize the pattern of
the response, average torque was calculated across all three tri-
als for each speed (Figure 1). For each subject, peak torque
was calculated for all speeds between the start and end of rota-
tion. Reflex torque was calculated by subtracting torque response
at 5°/s from those at 50 and 100°/s (23). The reflex stiffness
was computed by finding slope from the linear regression of
reflex torque–angle profile. The limits to finding slope were
decided to be 25 and 75% of the maximum torque for a given
trial (23).
Statistics
Linear regression analysis was performed on torque and stiff-
ness data with resting angle, Tardieu R1, and MAS. Correla-
tions between clinical assessment (MAS, Tardieu R1, and rest-
ing angle) and biomechanical measures (peak reflex torque and
reflex stiffness) were analyzed using Spearman’s coefficient (r).
Furthermore, a repeated measures one-way analysis of variance
(ANOVA) was used to analyze the effect of velocity on peak




Overall, we observed velocity-dependent mechanical responses.
Figure 1 shows representative torque–angle profile recorded for
all three speeds. Figure 2 demonstrates comparative torque–angle
data for patients representing each of the five MAS levels. Pho-
tos of patients in standing positions used for resting joint angle
measurement are shown in first row. The torque–angle curve
increased sharply at the beginning of the stretch due to inertial
effects and then settled into a constant slope. Effect of speed on
torque amplitudewas apparent inFigures 1 and 2. A repeated one-
way ANOVA showed a main effect of VELOCITY for peak torque
response (F[3,14]= 15.63, p< 0.0001) (Figure 3A). Figure 3B
shows the direct relationship between stiffness in elbow flexors
and velocity. Similarly, there was a main effect of VELOCITY
(F[3,14]= 12.68, p= 0.0002).
FIGURE 2 | (A) A stroke patient (representing each MAS score group) standing in a relaxed position; (B) resting angle in degrees; (C) MAS score; (D) Tardieu R1
angle in degrees; (E) torque–angle response (mean of three trials) for the speeds 5, 50, and 100°/s for each subject of a representing MAS score group.
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Correlations Between Clinical and Biomechanical
Assessments
The resting angle showed a strong positive correlation with the
TardieuR1 angle (r= 0.77, p< 0.01) and a strong negative correla-
tion with MAS (r= 0.89, p< 0.01) (Figure 4). The resting angle
also showed strong correlations with peak reflex torque (r ranged
from  0.639 to  0.700, p< 0.01) and reflex stiffness (r ranged
FIGURE 3 | (A) Normalized peak torque and (B) stiffness at three speeds.
Mean and SEs are plotted. * represents statistical significance.
FIGURE 4 | Correlations between the resting angle and clinical measurements (A) MAS and (B) Tardieu R1 angle. Because of same measures for some
cases, there are less data points (cases) on the figure than the actual number of cases. Refer to Table 1 for details.
from 0.716 to 0.763, p< 0.01) (Table 2). All clinical measures,
the resting angle (r ranged from  0.63 to  0.76, p< 0.01), MAS
(r ranged from 0.79 to 0.84, p< 0.01), and the Tardieu R1 angle (r
ranged from 0.58 to 0.63, p< 0.05) showed strong correlations
with biomechanical measurement (peak reflex torque and reflex
stiffness) (Table 2).
Discussion
Given the constraints of a clinical environment, technique for
spasticity assessment must be clinically valid and easy to imple-
ment. In this study we evaluated relation between the severity of
spasticity at the elbow joint and the resting joint angle. The results
of the biomechanical tests in this study provide experimental evi-
dence that resting joint angle can be used to estimate post-stroke
spasticity.
Strong Correlations Between Biomechanical and
Clinical Parameters
Our results of velocity-dependent peak torque and reflex stiffness
were consistent with previous reports (15, 22–24, 27). There
were controversial reports of relations between biomechanical
measures and clinical scale (15, 26–28, 30, 31). In a study of 14
stroke subjects, reflex stiffness measured at 90° of elbow flexion
for all subjects had very weak correlation (r= 0.2) with MAS
(15). In contrast, when passive stretches were applied to the full
comfortable range of motion of the elbow joint, reflex torque and
stiffness had strong correlations with the Ashworth scale score
in a group of 16 stroke subjects (27). Our findings were consis-
tent with the latter study (27, 30), showing strong correlations
between biomechanical measures and clinical measures. Though
commonly used as in the above cited studies, we are aware of the
limitation of the use of parametric statistics for non-linear data,
such as the MAS and Tardieu scales.
Biomechanical measures of spastic muscles are length-
dependent in stroke subjects (15, 24). Measurement at a
standardized joint angle does not reflect pathological state of
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TABLE 2 | Correlations among resting angle, Tardieu R1 angle, MAS and
biomechanical parameters: peak reflex torque and reflex stiffness.
Parameters Resting angle Tardieu MAS
Resting angle
Tardieu R1 angle 0.777**
MAS  0.893**  0.855**
Peak reflex torque 50°/s  0.639**  0.631** 0.695**
Peak reflex torque 100°/s  0.700**  0.601* 0.764**
Reflex stiffness 50°/s  0.716**  0.589* 0.763**
Reflex stiffness 100°/s  0.763**  0.606** 0.841**
The numbers in the table refer to the regression coefficients (r).
*p<0.05.
**p< 0.01.
patients with different severities of spasticity. The resting joint
angle may represent a reference for the new equilibrium point of
the neuromuscular system after stroke (25). Thus, biomechanical
measures obtained from passive stretch with reference to the
resting angle are comparable across subjects and show strong
correlations with other clinical measures.
Insight into Pathophysiology of Spasticity
Despite the advances in the treatment of spasticity, there are sev-
eral gaps in research and clinical practice, foremost of which is the
relative deficiency of knowledge of the pathophysiology of spastic-
ity. It is well accepted that there is hyperexcitability of the stretch
reflex in spasticity (32–36). Excitability of the spinal stretch reflex
arc ismaintained by a balanced descending regulation and normal
intraspinal processing. Therefore, stretch reflex hyperexcitability
in post-stroke spasticity could be mediated by two categories of
mechanisms: abnormal descending regulations and/or abnormal
intraspinal processing of stretch reflex. Accumulated evidence
suggest that abnormal intraspinal processing likely results from
plastic rearrangement secondary to abnormal descending regula-
tion; in contrast, imbalanced descending inhibitory and excitatory
inputs, particularly reticulospinal hyperexcitability, as a result of
unmasking after stroke is the primary underlying mechanism
for spasticity [see reviews in Ref. (37)]. Acoustic startle reflex is
a brainstem reflex which is primarily medicated by the reticu-
lospinal pathway. In a recent study, reticulospinal hyperexcitabil-
ity, as reflected by exaggerated acoustic startle reflex responses,
was only seen in stroke survivors with elbow flexor spasticity, but
not in thosewithout (flaccid or fully recovered) (38). Furthermore,
the reticulospinal pathway also plays an important role in main-
taining joint position and posture against gravity (39). Altered
reticulospinal excitability and its anti-gravity effect could lead to a
new neuromuscular balance, reflecting a shift in reference config-
uration after stroke (25, 40). This new balance could be reflected
by a change in the resting angle of a joint. The results of high
correlations between severity of spasticity and resting joint angle,
thus, suggest that spasticity is strongly related to reticulospinal
hyperexcitability and its anti-gravity effects.
Clinical Significance of Resting Joint Angle
Our results revealed that there existed overall strong correlations
between resting joint angle and other frequently used clinical
(MAS, Tardieu R1 angle) and biomechanical (stretch reflex
response) measurements. As such, our study provides evidence
that resting joint angle correlates with severity of post-stroke
spasticity in elbow flexors. This finding is clinically useful in that
the resting angle could be easily and objectively quantified. No
subjective interpretation is involved, for example, a subjective
feeling of “catch” in other clinical scales. Therefore, resting joint
angle could be used as objective outcome measures for treatment,
e.g., before and after botulinum toxin injections. Resting angle is
particularly helpful for muscles which are not easily measurable
by common clinical methods, such as spastic sternocleidomastoid
muscles. However, the results may not be applicable to weight-
bearing joints, where ground reaction force may alter joint posi-
tion independent of spasticity’s effect. Soft tissue contractures are
often present in spastic muscles (41). They may partially account
for the joint abnormality as well. Another limitation of this study
is a small sample size. Future study with a large sample size is
needed.
To summarize, our study provides experimental evidence for
anecdotal observation that resting elbow joint angle correlates
with severity of spasticity in chronic stroke.
Acknowledgments
This study was supported in part by an NIH grant R01NS060774.
References
1. Scanlan SM, McGuire J. Effective collaboration between physician and occu-
pational therapist in the management of upper limb spasticity after stroke. Top
Stroke Rehabil (1998) 4:1–13. doi:10.1310/GALH-DAXM-8HE8-P4E4
2. Wissel J, Manack A, Brainin M. Toward an epidemiology of poststroke spastic-
ity. Neurology (2013) 80:S13–9. doi:10.1212/WNL.0b013e3182762448
3. Watkins C, Leathley M, Gregson J, Moore A, Smith T, Sharma A. Preva-
lence of spasticity post stroke. Clin Rehabil (2002) 16:515–22. doi:10.1191/
0269215502cr512oa
4. Lundström E, Terént A, Borg J. Prevalence of disabling spasticity 1 year after
first-ever stroke. Eur J Neurol (2008) 15:533–9. doi:10.1111/j.1468-1331.2008.
02114.x
5. Sommerfeld DK, Gripenstedt U, Welmer A-K. Spasticity after stroke: an
overviewof prevalence, test instruments, and treatments.AmJPhysMedRehabil
(2012) 91:814–20. doi:10.1097/PHM.0b013e31825f13a3
6. OpheimA,DanielssonA, AltMurphyM, PerssonHC, SunnerhagenKS.Upper-
limb spasticity during the first year after stroke: stroke arm longitudinal study
at the University of Gothenburg. Am J Phys Med Rehabil (2014) 93:884–96.
doi:10.1097/PHM.0000000000000157
7. Zorowitz RD, Gillard PJ, Brainin M. Poststroke spasticity sequelae and burden
on stroke survivors and caregivers. Neurology (2013) 80:S45–52. doi:10.1212/
WNL.0b013e3182764c86
8. Lance JW. Pathophysiology of spasticity and clinical experience with baclofen.
In: Feldman RG, Young RR, Koella WP, editors. Spasticity: Disordered Motor
Control. Chicago: Year Book Medical Publishers (1980). p. 185–203.
9. Brashear A, Elovic E. Spasticity: Diagnosis and Management. New York: Demos
Medical Publishing (2010).
10. Decq P, Filipetti P, Lefaucheur J-P. Evaluation of spasticity in adults. Operat
Tech Neurosurg (2004) 7:100–8. doi:10.1053/j.otns.2005.02.003
11. Pandyan AD, Gregoric M, Barnes MP, Wood D, Van Wijck F, Burridge J,
et al. Spasticity: clinical perceptions, neurological realities and meaningful
measurement. Disabil Rehabil (2005) 27:2–6. doi:10.1080/09638280400014576
12. Fleuren JF, Voerman GE, Erren-Wolters CV, Snoek GJ, Rietman JS, Hermens
HJ, et al. Stop using the Ashworth scale for the assessment of spasticity. J Neurol
Neurosurg Psychiatry (2010) 81:46–52. doi:10.1136/jnnp.2009.177071
Frontiers in Neurology | www.frontiersin.org August 2015 | Volume 6 | Article 1836
Bhadane et al. Resting angle indicative of spasticity
13. Francisco GE, McGuire JR. Poststroke spasticity management. Stroke (2012)
43:3132–6. doi:10.1161/STROKEAHA.111.639831
14. Ashworth B. Preliminary trial of carisoprodol in multiple sclerosis. Practitioner
(1964) 192:540–2.
15. Alibiglou L, Rymer WZ, Harvey RL, Mirbagheri MM. The relation between
Ashworth scores and neuromechanical measurements of spasticity following
stroke. J Neuroeng Rehabil (2008) 5:18. doi:10.1186/1743-0003-5-18
16. Ghotbi N, Ansari NN, Naghdi S, Hasson S. Measurement of lower-limb muscle
spasticity: intrarater reliability of modified modified Ashworth scale. J Rehabil
Res Dev (2011) 48:83–8. doi:10.1682/JRRD.2010.02.0020
17. Pandyan A, Johnson G, Price C, Curless R, Barnes M, Rodgers H. A review
of the properties and limitations of the Ashworth and modified Ashworth
scales as measures of spasticity. Clin Rehabil (1999) 13:373–83. doi:10.1191/
026921599677595404
18. Haugh A, Pandyan A, Johnson G. A systematic review of the Tardieu scale for
the measurement of spasticity. Disabil Rehabil (2006) 28:899–907. doi:10.1080/
09638280500404305
19. Patrick E, Ada L. The Tardieu scale differentiates contracture from spasticity
whereas the Ashworth scale is confounded by it. Clin Rehabil (2006) 20:173–82.
doi:10.1191/0269215506cr922oa
20. Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth scale
of muscle spasticity. Phys Ther (1987) 67:206–7.
21. Li S, Chang SH, Francisco GE, Verduzco-Gutierrez M. Acoustic startle reflex in
patients with chronic stroke at different stages of motor recvoery: a pilot study.
Top Stroke Rehabil (2014) 21:358–70. doi:10.1310/tsr2104-358
22. Kamper DG, Rymer WZ. Quantitative features of the stretch response of
extrinsic finger muscles in hemiparetic stroke.Muscle Nerve (2000) 23:954–61.
doi:10.1002/(SICI)1097-4598(200006)23:6<954::AID-MUS17>3.0.CO;2-0
23. Kamper D, Schmit B, Rymer W. Effect of muscle biomechanics on the quantifi-
cation of spasticity.Ann Biomed Eng (2001) 29:1122–34. doi:10.1114/1.1424918
24. Li S, Kamper DG, Rymer WZ. Effects of changing wrist positions on finger
flexor hypertonia in stroke survivors. Muscle Nerve (2006) 33:183–90. doi:10.
1002/mus.20453
25. Calota A, Feldman AG, Levin MF. Spasticity measurement based on tonic
stretch reflex threshold in stroke using a portable device. Clin Neurophysiol
(2008) 119:2329–37. doi:10.1016/j.clinph.2008.07.215
26. Jobin A, Levin MF. Regulation of stretch reflex threshold in elbow flexors in
children with cerebral palsy: a newmeasure of spasticity.DevMed Child Neurol
(2000) 42:531–40. doi:10.1111/j.1469-8749.2000.tb00709.x
27. Starsky AJ, Sangani SG, McGuire JR, Logan B, Schmit BD. Reliability of biome-
chanical spasticity measurements at the elbow of people poststroke. Arch Phys
Med Rehabil (2005) 86:1648–54. doi:10.1016/j.apmr.2005.03.015
28. Kumar RT, Pandyan AD, Sharma AK. Biomechanical measurement of post-
stroke spasticity. Age Ageing (2006) 35:371–5. doi:10.1093/ageing/afj084
29. Li S, Liu J, Bhadane M, Zhou P, Rymer WZ. Activation deficit correlates with
weakness in chronic stroke: evidence from evoked and voluntary EMG record-
ings. Clin Neurophysiol (2014) 25:2413–7. doi:10.1016/j.clinph.2014.03.019
30. de Vlugt E, de Groot JH, Schenkeveld KE, Arendzen JH, van der Helm FC,
Meskers CG. The relation between neuromechanical parameters and Ashworth
score in stroke patients. J Neuroeng Rehabil (2010) 7:35. doi:10.1186/1743-
0003-7-35
31. Mullick AA, Musampa NK, Feldman AG, Levin MF. Stretch reflex spatial
threshold measure discriminates between spasticity and rigidity. Clin Neuro-
physiol (2013) 124:740–51. doi:10.1016/j.clinph.2012.10.008
32. Brown P. Pathophysiology of spasticity. J Neurol Neurosurg Psychiatry (1994)
57:773–7. doi:10.1136/jnnp.57.7.773
33. Gracies JM. Pathophysiology of spastic paresis. II: emergence of muscle overac-
tivity.Muscle Nerve (2005) 31:552–71. doi:10.1002/mus.20285
34. Nielsen JB, Crone C, Hultborn H. The spinal pathophysiology of spasticity –
from a basic science point of view.Acta Physiol (2007) 189:171–80. doi:10.1111/
j.1748-1716.2006.01652.x
35. Mukherjee A, Chakravarty A. Spasticity mechanisms – for the clinician. Front
Neurol (2010) 1:149. doi:10.3389/fneur.2010.00149
36. Burke D, Wissel J, Donnan GA. Pathophysiology of spasticity in stroke. Neurol-
ogy (2013) 80:S20–6. doi:10.1212/WNL.0b013e31827624a7
37. Li S, Francisco G. New insights into the pathophysiology of post-stroke spastic-
ity. Front Hum Neurosci (2015) 9:192. doi:10.3389/fnhum.2015.00192
38. Li F, Wu Y, Li X. Test-retest reliability and inter-rater reliability of the modified
Tardieu scale and the modified Ashworth scale in hemiplegic patients with
stroke. Eur J Phys Rehabil Med (2014) 50:9–15.
39. Drew T, Prentice S, Schepens B. Cortical and brainstem control of locomotion.
Prog Brain Res (2004) 143:251–61. doi:10.1016/S0079-6123(03)43025-2
40. Calota A, Levin MF. Tonic stretch reflex threshold as a measure of spasticity:
implications for clinical practice. Top Stroke Rehabil (2009) 16:177–88. doi:10.
1310/tsr1603-177
41. Ada L, O’Dwyer N, O’Neill E. Relation between spasticity, weakness and
contracture of the elbow flexors and upper limb activity after stroke: an observa-
tional study.Disabil Rehabil (2006) 28:891–7. doi:10.1080/09638280500535165
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2015 Bhadane, Gao, Francisco, Zhou and Li. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Neurology | www.frontiersin.org August 2015 | Volume 6 | Article 1837
